Introduction
Peripheral T-cell lymphomas (PTCLs) are a heterogeneous group of aggressive lymphomas. They represent ~10% of non-Hodgkin lymphomas and consist of 23 distinct entities. Most patients present with advanced stage, which is avid by 18-fluoro-2-deoxyglucose-positron emission tomography. 1 Extranodal involvement is common, as are immune-related symptoms and cytopenias. The diagnosis of PTCL and categorization into a specific subtype is generally based on a combination of pathologic and clinical criteria combining histology, immunophenotype, molecular studies, and clonality as detected on T-cell receptor gene rearrangement studies. The common PTCL subtypes include angioimmunoblastic T-cell lymphoma (AITL), anaplastic large-cell lymphoma (ALCL), and PTCL, not otherwise specified (PTCL, nos). Common types constitute ~60% of all cases. Rare subtypes are often extranodal in presentation and include extra-The high degree of patient-and disease-related morbidities in relapsed PTCL, combined with the poor outcomes with standard therapy, necessitates the development of targeted therapies to fill this unmet need. Candidate drugs are beginning to be identified rationally by characterizing recurrent genetic and epigenetic alterations through gene expression profiles and next-generation sequencing and linking to specific phenotypes or T-cell subtypes. [10] [11] [12] [13] Recently, four targeted agents have been approved by the US Food and Drug Administration (FDA) for use as a single agent in relapsed/ refractory PTCL on the basis of early-phase, single-arm studies: the histone deacetylase inhibitors (HDACis) belinostat and romidepsin, an anti-folate agent, pralatrexate, and the CD30 drug-antibody conjugate, brentuximab vedotin.
However, studies linking genetic/genomic profiles to targeted agents are largely lacking.
The HDACis are a class of medications which result in epigenetic modifications. Emerging data have demonstrated frequent epigenetic modifications across PTCL subtypes, making this a rational approach for treatment.
14 Recurrent epigenetic mutations include DNMT3A, TET2, and deregulation of histone-modifying enzymes such as histone methyltransferases and acetyltransferases. Unique patterns specific to particular T-cell subtypes are also identified including SETD2 methyltransferase in hepatosplenic TCL, 10 enrichment of MLL methyltransferase family (particularly KMT2B and KMT2C) in Sezary syndrome, 15 and BCOR mutations in NK/T-cell lymphoma and PTCL, nos. 16 Modifications affect histones and DNA, altering transcription patterns, and predict for increased responsiveness to epigenetic class of drugs. Recent systemic analysis of the epigenomic landscape in CTCL suggests that certain epigenetic alterations that increase DNA accessibility and genes associated with immune activation are associated with improved clinical responses to HDACis. 17 Unfortunately, the impact of HDACi on the transcriptome and predictors of response is lacking in general for PTCL.
There are two HDACis approved in the US for PTCL, romidepsin and belinostat, while chidamide is approved in China. Romidepsin was approved based on a pivotal singlearm, Phase II study of patients with relapsed or refractory PTCL, wherein it demonstrated an overall response rate (ORR) of 38% and a complete response (CR) rate of 18%. 18 However, the median duration of response (DOR) was limited at 8.9 months. Belinostat is a hydroxamic acid-derived pan-HDAC inhibitor acting on all zinc-dependent HDAC enzymes. It is indicated for the treatment of relapsed PTCL following at least one line of therapy. Phase I studies in belinostat in solid tumors and hematologic malignancies identified the most common adverse events (AEs) to be nausea, vomiting, lethargy, fatigue, constipation, flushing, and diarrhea. There were no hematological or grade 4 AEs and the maximum tolerated dose (MTD) was found to be 1,000 mg/m 2 .
19,20
Two Phase II trials have assessed the efficacy and safety of belinostat in PTCL at the recommended Phase I dose of 1,000 mg/m 2 on days 1-5 every 3 weeks. Treatment in these trials was continued until death or unacceptable toxicity. Foss et al 21 assessed belinostat in a Phase II study which included 24 patients with PTCL and 29 patients with CTCL. The median number of cycles was 2 (range 1-9). One patient in the PTCL cohort underwent one dose reduction (25%) for abdominal pain considered by the investigator to be related to belino- 
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Belinostat toxicity and safety in peripheral T-cell lymphomas stat. AE profile was similar in PTCL patients as previously reported, but additional toxicities including grade 3 AEs of paralytic ileus, pneumonitis, rash, and a grade 4 thrombocytopenia. A total of 20 patients discontinued therapy. Reasons for discontinuation included lack of efficacy (25%), physician decision (29.2%) or treatment-emergent adverse events (TEAEs) (12.5%), and death (12.5%).
The pivotal Phase II BELIEF trial 22 was a non-randomized, open-label study of single-agent belinostat in 129 patients with relapsed or refractory PTCL. Unlike many PTCL studies, patients with low baseline platelet counts (≥50/μL) or more aggressive PTCL subtypes were eligible. Patients with adult or precursor adult TCL, prolymphocytic leukemia, T-cell Large granular lymphocytic leukemia, or primary cutaneous lymphomas were excluded. The ORR was 25.8%, with 18% CR. Among patients achieving a CR, the median DOR was not reached but exceeded 29 months. There was a difference by subtype with AITL achieving a superior ORR of 45.5%. However, only one of the patients with extranodal T-cell variants achieved a response. Importantly, belinostat monotherapy enabled 12 patients to undergo hematopoetic stem cell transplant, 10 of whom remained alive at data cutoff (OS range, 9.4-22.9 months). There were 22 deaths, and 12 of them were related to disease progression. Other AEs associated with death within 30 days included multiorgan failure (n=3), cardiac failure (n=2), lung infection (n=1), gastrointestinal (GI) hemorrhage (n=1), hepatic failure (n=1), and shock (n=1). Treatment withdrawal for TEAEs occurred in 19.4% of patients and was considered treatment related in 10.9%. TEAEs leading to withdrawal for more than one patient included multiple organ failure, fatigue, anemia, and febrile neutropenia (n=2). Overall, therapy was well tolerated. The most common AEs observed within the study were nausea, fatigue, pyrexia, anemia, and thrombocytopenia. Progressive disease in 64% of patients was the major cause for drug discontinuation. Other causes included death (11%), request by patient (8%), AEs (7%), and other (4%).
The goal of this review was to analyze the available literature to evaluate the impact of belinostat on patient-reported outcomes (PROs) in relapsed or refractory PTCL.
Methods
We performed separate analyses of safety and efficacy for belinostat monotherapy. Efficacy analyses included patients with relapsed/refractory PTCLs treated with belinostat. The National Library of Medicine's OVID database was systematically searched for the terms: "belinostat" or "PXD 101" and "PTCL". Results were limited to "clinical trials, all", "case reports", or "clinical studies" human subjects, English language, and published within the last 10 years. In order to limit publication bias, abstracts presented at the Annual Society of Hematology from the past 10 years were searched as well. The keywords "belinostat" and "peripheral T-cell lymphoma" were included.
For safety analyses, any patient with an oncologic diagnosis who was treated with belinostat monotherapy was included. To obtain relevant articles, the National Library of Medicine's OVID database was systematically searched for the terms: "belinostat" or "PXD 101" AND "treatment" AND "cancer" in the form of abstracts, "clinical trials, all" limited to human subjects, English language, and published within the last 10 years.
The full text of potentially relevant articles was reviewed following initial title and abstract screening. Articles included in the efficacy analysis were included based on the following criteria: patients must have PTCL relapsed following at least one line of therapy and have been treated with single-agent belinostat. Only unique original cases which included efficacy results were included in the efficacy analysis. For the safely analysis, the same criteria applied, but we also allowed the addition of patients with other malignant diagnoses. For articles that reported both treatment-emergent and preexisting AEs, only the treatment-emergent events were included in the safety analysis. Data were then tabulated and summarized in a descriptive analysis.
Results
The efficacy analysis search returned a total of six articles. A total of three articles were included in the efficacy analysis. Three articles were excluded as they did not include data from patients with PTCL or patients did not receive treatment with belinostat ( Figure 1 ).
For the safety analysis, a total of 46 results returned and 15 articles, as well as one abstract, were analyzed. Overall, 31 articles were excluded for the following reasons: consisted of reviews or did not contain unique patients (n=22); involved combinations with chemotherapy (n=4); did not contain safety data (n=3); or were preclinical studies (n=2) ( Figure 1 , Table 1 ).
Additionally, the American Society of Hematology website was searched for abstracts published in Blood (supplements) for the past 10 years. A total of 32 abstracts were reviewed; 31 were excluded due to preclinical status (n=11); lack of treatment with belinostat (n=9); lack of patients with PTCL (n=1), included frontline therapy (n=2); or included subset data subsequently published in its full format (n=3). The remainder were excluded as they were not clinical studies (n=5). One abstract assessing belinostat treatment among 
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Allen and Lechowicz patients with lymphoma was included in the safety analysis, but not included in efficacy because there were no details regarding lymphoma subtypes (Table 1) .
This review is limited by the small number of studies involved, as well as the methods of reporting patient outcomes. For several of the safety outcomes, articles only reported symptoms that were present in more than one patient, and many did not differentiate between TEAEs and preexisting AEs. Additionally, some articles had incomplete data on all AEs and reported only the most common symptoms or serious AEs.
Safety
Belinostat is an HDACi that has been studied in a variety of malignancies including solid tumors and hematologic neoplasms with the aim of improving survival and reduc- 6 Reimer et al, 2013 ing disease-related symptoms. All the cases included in the safety analysis were treated with belinostat therapy after progressing through a prior line of therapy. Studies combining belinostat with other systemic chemotherapeutic agents were excluded due to confounding effects on patient symptoms. Belinostat was evaluated in a total of 512 patients in 16 studies (Table 1) . Study types included were largely Phase II (n=6) or Phase II (n=10) clinical trials, and one case report. The most common toxicities associated with belinostat were nausea (43%), vomiting (29%), fatigue (35%), constipation (16%), diarrhea (17.6%), anorexia (11.9%), fever (14.5%), dyspnea (7.8%), and hypersensitivity or injection site reactions (7.6%). Cardiac abnormalities largely consisted of QTc prolongations and were present in 4.3% of cases. Side effects occurring in <5% of patients included lethargy, flushing, dizziness, electrolyte imbalances, infections, pneumonitis, Figure 1 Systematic search of OVID returned 6 studies for efficacy and 46 for safety. Notes: Three and 16 studies were included in the present review, respectively. Additionally, one of 32 abstracts reviewed was included in safety analysis only (not shown). 
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Belinostat toxicity and safety in peripheral T-cell lymphomas neurologic symptoms, pain, rash, and insomnia. Two patients had grade 2 cytokine release syndrome during belinostat infusion, which was managed with administration of steroids and reduction of the infusion rate. A total of 190 grade 3/4 toxicities were reported among 512 patients. Aside from hematologic AEs, the most common events were diarrhea (4.7%), fatigue (4.3%), neurologic (2.7%), and hypersensitivities (2.5%). Neurologic AEs included apraxia, status epilepticus, neuropathy, and headaches. Grade 3/4 infection occurred in five patients (1%). Other notable AEs included thrombosis in five patients (1%), pneumonitis in three patients, and tumor lysis syndrome in three patients (two were myeloma). Hematologic AEs of any grade occurred in 26.6% of patients, and were largely characterized by thrombocytopenia (7.0%), anemia (12.7%), and lymphopenia (3.9%). Neutropenia was rated at 2.5% overall. Among the PTCL cases, the majority had underlying cytopenias that preceded treatment. The Phase I and II analyses in PTCL differentiated between treatment-emergent and preexisting cytopenias, and the data for TEAEs were reported. Grade 3/4 hematologic events occurred in 6.4% of patients. About 2.3% had a grade 3/4 thrombocytopenia, 1.2% anemia, and 1.4% neutropenia.
The largest safety analysis of belinostat in PTCL was included in the BELIEF trial. 22 Given the high propensity for baseline cytopenias among patients with PTCL, including thrombocytopenia, patients were admitted on the trial if they had a baseline platelet count >50/μL (compared to the typical cutoff of 100/μL). Among 129 patients, only 2 had a serious adverse event related to thrombocytopenia that was considered to be related to the therapy. The authors concluded that belinostat was well tolerated, even in patients with platelet counts below 100,000/μL. 22 Several dosing strategies were assessed over these 16 studies with an MTD identified at 1,000 mg/m 2 IV over 5 days. Additional efforts to minimize toxicity included assessment of genetic polymorphisms that altered belinostat clearance. Plasma concentrations and incidence of hematologic toxicities were increased among patients receiving belinostat who carried the UGT1A1*28 and *60 variant alleles. Using a population pharmacokinetic analysis, a reduced dose of 400 mg/m 2 /24 hours (instead of 600 mg/m 2 /24 hours) was proposed for hepatocellular carcinoma patients homozygous for UGT1A1*28 or patients heterozygous or homozygous for UGT1A1*60. 35 This genotype-based dosing recommendation is currently prospectively investigated at the NCI. Additionally, oral formulations of belinostat were assessed in two studies. 24, 26 No additional toxicities were noted with the oral vs IV formulation; however, there was an increased incidence of GI toxicities including diarrhea (25 patients), anorexia/ decreased appetite (24 patients), nausea, and vomiting. In the Phase I study by Zain et al, 26 diarrhea contributed to doselimiting toxicities at the higher doses of belinostat of 1,500 and 2,000 mg/m 2 oral. See Table 2 for a summary of studies included in the safety analysis.
Efficacy
PTCL patients from two Phase II trials were included in the efficacy analysis and one patient from a case report. A total of 145 patients were included, but data were calculated based on 144 patients (see Table 3 for details). Clinical characteristics are summarized in Table 4 
Discussion
PTCL is an aggressive malignancy with high rates of relapse and a high symptom burden. Relapsed disease is rarely curable without allogeneic stem cell transplantation. However, the high median age at diagnosis and disease-and patient-related comorbidities render many patients ineligible for aggressive or curative approaches. The goals of treatment at relapse in this setting are to prolong disease-free survival and limit symptom burden. Therefore, treatments that are well tolerated and can be given continuously are often favored. Belinostat is FDA approved for relapsed PTCL based on two pivotal Phase II trials demonstrating efficacy and safety. Our review of the available data demonstrates that belinostat was well tolerated across malignancies (n=512) and effective in a subpopulation of patients with relapsed/refractory PTCLs (n=144). The ORR of ~25% and CR rate of 8%-23% seen in belinostat, are comparable to response rates of 25-38% and CR rates of 15-18% with romidepsin. 18, 36 The response rate is also similar to other FDA-approved agents for this indication including 38 with the exception of brentuximab for the treatment of relapsed ALCL, which demonstrated an impressive response rate exceeding 80%. 39 We report the largest systematic review of the toxicity of belinostat in relapsed malignancies. Our findings suggest the side-effect profile of belinostat is similar to other HDAC inhibitors with some critical differences: The rate of more than three hematologic AEs was lower in patients receiving belinostat, with only two reporting ≥3 grade febrile neutropenia across all belinostat studies and <10% rates of ≥3 grade hematologic toxicity, compared to data from the pivotal Phase II romidepsin trial which demonstrated higher rates of severe hematologic toxicity including 19% infections, 24% thrombocytopenia, and 20% neutropenia. The lower rate of hematologic toxicity has clinical implications, allowing for prolonged continuous treatment in patients retaining benefit, reduced need for transfusions, and reduced hospitalizations. This has additional implications for combination therapy, particularly when combined with myelotoxic chemotherapy regimens. In the Phase I/II trial of romidepsin combined with CHOP for frontline treatment of PTCL, there were hematologic dose limiting toxicities with combination therapy which included 89% of patients with neutropenia and 78% with thrombocytopenia, necessitating several dose reductions for romidepsin. 40 The comparatively smaller belinostat plus CHOP, phase 1 combination study demonstrated a lower rate of hematologic toxicity with anemia 
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Belinostat toxicity and safety in peripheral T-cell lymphomas (22%), neutropenia (17%), and thrombocytopenia was also less common. 41 The most recently reported data demonstrate an ORR of 89% for the belinostat combination vs 68% for the romidepsin combination. We make note that the belinostat study is an ongoing Phase I trial and final results may report higher toxicity. The shortcomings of inter-trial comparisons notwithstanding, belinostat appears to limit hematologic toxicities either as a single agent or in combination therapy.
Cardiac toxicity including arrhythmias and QTc prolongation was rare with 4.3% of patients experiencing a related cardiac event. Eleven of 512 patients experienced a grade 3 or 4 cardiac AE. Five of these were due to QTc prolongation in a cohort of thymic cancer patients, 27 suggesting an interaction between mediastinal disease and the increased incidence of cardiac events; 4 of the 11 cases were due to atrial fibrillation noted in a cohort of solid tumors. 19 No grade 3/4 cardiac events were reported in studies of patients with PTCL. In the BELIEF study, 22 independent central review of electrocardiogram data determined belinostat had no effect on cardiac repolarization. Additionally, pharmacokinetic and pharmacodynamic analyses showed no correlation between the concentration of belinostat and QTc changes. Overall, the cardiac abnormalities and QTc prolongation in these studies compare similarly to what was reported in the Phase II 
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Allen and Lechowicz study of romidepsin in relapsed PTCL, where 6% of patients demonstrated cardiac abnormalities including 3% of patients with QTc prolongation. 36 Similar to other classes of HDAC inhibitors, fatigue was a common toxicity in Phase I and II trials. One Phase I study assessed potential mechanisms for HDAC-associated fatigue. The investigators noted that patients had associated symptoms of flushing, fever, and chills, and theorized this could be related to cytokine release. 19 Serum samples taken pretreatment and posttreatment demonstrated elevated IL-6 levels in two patients treated at the MTD who were identified as having clear drug-related fatigue, compared to those without fatigue. IL-6 has subsequently been evaluated as a potential biomarker of toxicity.
Our review was limited by the small number of publications in relapsed PTCL. Only two clinical trials for patients treated with belinostat were included. The safety analysis was limited by the inconsistent reporting of AEs across the trials. Certain AEs seemed related to diagnosis, as abdominal pain was strikingly increased among ovarian and hepatocellular carcinoma patients, 25, 29 and tumor lysis syndrome was reported only in the myeloma patients. 20 Additionally, there was no data on PROs in any trials included in our safety or efficacy analyses. Clinical trials rely on standard reporting using the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) to capture symptoms. However, novel methods which incorporate PROs have recently been proposed. 42 Incorporating PROs into clinical trials could more accurately describe relevant treatment-related toxicities. Furthermore, prospectively administered questionnaires including PRO-CTCAE items demonstrated favorable validity, reliability, and responsiveness in a large NCI sponsored feasibility study of patients undergoing cancer treatment. 43 However, when instituted across a multicenter national trial, there was poor agreement between the investigator-reported and patient-reported symptoms, with investigators reporting fewer AEs than patients across symptoms, further highlighting the importance of the patient perspective. 44 Additional concerns with the standard methods of reporting AEs are that each symptom is weighted equally regardless of its duration or impact on activities of daily living. An innovative method of incorporating quality-of-life measures into symptom assessments has been proposed. The qualityadjusted time without symptoms or toxicity (Q-TWiST) has been used to evaluate the clinical benefits and risks of oncology treatments by incorporating time into the analysis to more appropriately address quality of life during treatment. 45 Q-TWiST incorporates the balance between toxicity and survival in order to evaluate the impact on quality and quantity of life. It is a multifaceted tool that delineates the impact of therapy onto three states: 1) time with grade 3 or 4 toxicity; 2) time without symptoms of disease or grade 3 or 4 toxicity of treatment (TWiST); and 3) time after tumor progression or relapse. The time spent in each state is then weighted to account for the patient's quality of life and the final sum results in the Q-TWiST score.
Conclusion
PTCLs are an aggressive group of malignancies with limited but increasing options for therapy in the relapsed setting. Genetic analyses have demonstrated several recurrent mutations in epigenetic regulators and chromatin-modifying genes. HDACis are epigenetic modifiers that have demonstrated single-agent activity in the relapsed setting of PTCL, and are FDA approved for this designation. However, there is a lack of information on the interplay between the known genetic mutations involving epigenetic-modifying proteins and the efficacy and safety of drugs working on this pathway.
Belinostat is an HDACi that has demonstrated safety and efficacy in broad studies of PTCL. Its safety profile demonstrates comparable rates of fatigue and GI toxicity but relatively few hematologic or cardiac events compared to romidepsin. Efficacy is similar to other agents approved in this setting with response rates approaching 30% overall. Small subset analyses have demonstrated increased rates of response among patients with AITL, and decreased responses in patients with rare and extra-nodal PTCL subtypes. Additional studies addressing the efficacy of belinostat in specific PTCL subtypes, particularly those with recurrent alterations in histone-modifying proteins such as AITL and HSTCL, would be provocative. Reporting of AEs in Phase I/II belinostat trials was generally according to the CTCAE standards; however, incorporation of PROs using tools such as the Q-TWiST and PRO-CTCAE would allow a well-rounded and comprehensive assessment of toxicity in future studies. This systematic review demonstrates that belinostat is well tolerated and efficacious in patients with relapsed PTCL; however, we were unable to assess its impact on patient symptoms due to the lack of reported data.
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